In a mouse model of pneumonia caused by Streptococcus pneumoniae, differences in the timing and vigor of the host inflammatory response have been associated with susceptibility to invasive disease. BALB/c and CBA/Ca mice are known to be resistant and susceptible to acute pneumococcal disease, respectively. In this study, we have demonstrated that BMM from BALB/c and CBA/Ca mice differ in their expression and regulation of TLR9 in response to S. pneumoniae. We have also shown that BMM from CBA/Ca mice failed to fully activate p38, NF-B, and ERK 1/2 signaling pathways, resulting in reduced secretion of TNF-␣ and CCL5 in response to this pathogen. In addition, we have established that S. pneumoniae induced significant cell death in BMM from CBA/Ca mice. These findings indicate that variations between the two strains are likely to reflect differences in macrophage responses to the pathogen.
Introduction
Streptococcus pneumoniae is responsible for significant mortality and morbidity worldwide, causing a broad spectrum of life-threatening diseases, including pneumonia, otitis media, meningitis, and bacteremia. Despite the improvement in vaccine and antibiotic therapies, pneumococcus serotypic variability and genomic plasticity have increased the number of resistant strains reducing the effectiveness of current therapies [1] . The rapid escalation in antibiotic resistance urges a better understanding of the host responses to this pathogen.
Innate host responses are critical to the outcome in pulmonary S. pneumoniae bacterial infection [2] . Resident and recruited mononuclear phagocytes are required for the resolution and repair processes during pneumococal infections [3] . The contribution of macrophages to the innate immune response to pneumococcus has been suggested by the increase in frequency of the disease in individuals with defects in TLR, a signal that impairs macrophage cytokine responses significantly to pathogens [4] . Similar studies in mouse models have revealed that differences in the expression of individual cytokines, TLR, or signaling molecules might mediate susceptibility to various pathogens [5, 6] . In the case of S. pneumoniae, mice deficient in TLR2, TLR4, TLR9, or the adaptor molecule MyD88 display impaired responses and a diverse degree of susceptibility to pneumoccocal infection [7] [8] [9] [10] .
Previous studies of human and mouse have shown that genetic factors strongly influence the host response to infection [11, 12] . Investigations in the genetics of pneumococcal disease in the mouse have revealed that inbred strains differ in susceptibility and resistance to infection [13] . Following intranasal pneumococcal infection, BALB/c and CBA/Ca mice are resistant and susceptible to acute disease and linked morbidity, respectively [14] . A major locus controlling the susceptibility and survival to pneumococcal infection has been identified on Chromosome 7 [15] . However, considering the genetic complexity of susceptibility to pneumococcal infection, no candidate genes with a causal role in the differences between the strains have yet been recognized. BALB/c mice elicited a stronger host inflammatory response than CBA/Ca mice, reflected in their ability to recruit more neutrophils into the lung [14] and induce higher levels of TNF-␣ [16] .
In the present study, we asked whether susceptibility or resistance of BALB/c and CBA/Ca to S. pneumoniae might reflect differences in macrophage detection or responses to this pathogen. Previous studies revealed substantial divergences between mouse strains in terms of the set of genes induced in BMM by exposure to LPS [17] . We have therefore compared the in-vitro responses of BMM from BALB/c and CBA/Ca mice with S. pneumoniae.
MATERIALS AND METHODS

General reagents
LPS (Sigma-Aldrich, St. Louis, MO, USA) was used at a final concentration of 10 ng/ml. r3CSF-1 (R&D Systems, Minneapolis, MN, USA) was used at a final
Cell culture
BMM were obtained by in-vitro differentiation of mouse BM cells in the presence of CSF-1. Mice femurs were flushed, and the cells obtained were grown on bacteriological plates in media that contain 100 ng/ml of CSF-1. After 5 days in culture, CSF-1 and medium were changed, and culture was continued up to 7 days. Cells were grown routinely in complete medium consisting of RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated FBS, 20 U/ml penicillin, 20 g/ml streptomycin, and 2 mM L-glutamine (Invitrogen). Cells were cultured at 37°C in a humidified tissueculture incubator with 5% CO 2 . Peritoneal macrophages were isolated from peritoneal cavities by lavage with 10 mL PBS.
RNA isolation and qPCR
Total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions. cDNA was analyzed by qRT-PCR using a TaqMan-based assay (Applied Biosystems, Foster City, CA, USA) in an ABI Prism 7700 sequence detection system. Gene expression was determined relative to HPRT using the comparative threshold method. The Figure 1 . BALB/c and CBA/Ca macrophages differ in the expression and regulation of TLR9 in response to S. pneumoniae. BMM from BALB/c and CBA/Ca mice were treated with 10 7 CFU/ml EK S. pn (A and B) or 10 ng/ml LPS (C and D). RNA and protein were extracted and used to determine TLR2, TLR4, and TLR9 mRNA and protein expression by qPCR (A and C) and Western blot analysis (B and D). Data points represent the mean of triplicates, and se are displayed. These data are representative of at least three independent experiments. Statistically significant difference (*, PϽ0.05; **, PϽ0.01) was determined by paired t-test. hprt, Hypoxanthine guanine phosphoribosyl transferase.
inventoried Taqman probes used were as follows: TLR2 (Mm00442346_m1), TLR4 (Mm00445273_m1), TLR9 (Mm00446193_m1), and HPRT (Mm01324427_m1).
Immunoblotting
BMM were cultured at a density of 1 ϫ 10 6 cells/well in a six-well plate. After treatment with EK S. pn or LPS, whole cell lysates were collected by lysing cell monolayers with 66 mM Tris-Cl (pH 7.4)/2% SDS/1 mM sodium vanadate/1ϫ phosphatase and protease inhibitors (Roche, Indianapolis, IN, USA). Extracts were resolved by SDS-PAGE, transferred to a polyvinylidene difluoride membrane (GE Healthcare, Waukesha, WI, USA), and probed with anti-TLR2, anti-TLR4 (R&D Systems), anti-TLR9 (Serotec, UK), ␣-tubulin (Abcam, Cambridge, MA, USA), or anti-phospho protein antibodies [anti-phospho-p38, -ERK1/2, -NF-B, and -JNK antibodies (Cell Signaling Technology, Beverly, MA, USA)].
Measurement of cytokine concentrations in cell culture supernatants
BMM were cultured at a density of 1 ϫ 10 6 cells/well in a six-well plate. After 0, 6, 12, or 24 h stimulation with EK S. pn, LPS, or CpG DNA, supernantants were collected, and cytokine and chemokine concentration was measured using the Bio-Plex mouse cytokine array (BioRad, Hercules, CA, USA), according to the manufacturer's instructions.
Cell viability assay
Cells (5ϫ10 5 )/well of a 96-well plate were grown in medium in the presence of CSF-1 and treated for 24 h with different amounts of EK S. pn, LPS, or CSF-1. Growth medium was replaced with 1 mg/ml MTT (Sigma-Aldrich) in medium, and cells were incubated at 37°C for 1 h. MTT solution was then removed and isopropanol added for 10 min before plates were read at 570 nm.
Apoptosis assay
BMM were plated at a density of 1 ϫ 10 6 cells/well in six-well plates and stimulated with EK S. pn or LPS for 24 h. AnnexinV/propidium iodine staining was performed using the Annexin V-FITC apoptosis detection kit (BD PharMingen, San Diego, CA, USA), according to the manufacturer's instructions. Cells were analyzed using a FACSCanto II cytometer.
RESULTS AND DISCUSSION
BALB/c and CBA/Ca macrophages differ in the expression and regulation of TLR9 in response to S. pneumoniae S. pneumoniae triggers the immune response, mainly via TLR2 [18] , but a range of pneumococcal virulence factors can activate 7 CFU/ml EK S. pn (A) or 10 ng/ml LPS (B) was determined using the Bio-Plex mouse cytokine array. Profiles show concentrations at 24 h except for TNF-␣, which shows a 6-h time-point. Data points represent the mean of triplicates, and se are displayed. These data are representative of three independent biological replicates. Statistically significant difference (*, PϽ0.05; **PϽ0.01) was determined by paired t-test.
other TLRs, in particular, TLR4 [19] and TLR9 [7] . Differences in the expression and reactivity of TLRs have been associated with susceptibility or resistance to a variety of infectious diseases [5, 20] . In the case of pneumococcal disease, TLR2 and TLR4 deletions have only a small impact on susceptibility to infection [9, 10] , whereas TLR9Ϫ/Ϫ mice were more sensitive than wildtype mice to S. pneumoniae and other respiratory pathogens [7] . We examined the expression and regulation of TLR mRNA and protein by macrophages from BALB/c and CBA/Ca mice in response to S. pneumoniae. The levels of TLR2 and TLR4 mRNA (Fig. 1A) and protein (Fig. 1B) in BMM from BALB/c and CBA/Ca mice responding to S. pneumoniae were comparable. On the other hand, the TLR9 gene was expressed at a higher level (Fig. 1A) , whereas the TLR9 protein was significantly less abundant in BMM from CBA/Ca mice compared with BALB/c (Fig.  1B ). There were also minimal differences in expression of TLR2 and TLR4 mRNA and protein between BMM from the two strains responding to LPS (Fig. 1, C and D) . LPS-treated BMM from CBA/Ca mice induced higher levels of TLR9 mRNA compared with BALB/c (Fig. 1C) , but with this stimulus, the protein levels were not distinguishable (Fig. 1D) . Densitometric analyses of TLR2, TLR4, and TLR9 protein expression are shown in Supplemental Figure 1 .
TLR9 is critically involved in bacteria recognition and induction of cytokines and chemokines in innate responses to pneumococci. We have found that despite expressing high mRNA levels, BMM from CBA/Ca mice are defective in inducing TLR9 protein in response to S. pneumoniae. These results suggest BMM from CBA/Ca mice fail to translate or stabilize TLR9 mRNA efficiently, a feature that may contribute to their elevated susceptibility to infections with this pathogen. Although CBA/Ca genomic DNA has not been sequenced, available genomic DNA sequences (www.jax.org) reveal several nonsynonymous amino acid substitutions in TLR9 amongst commonly used mouse strains. Demonstration that such variants distinguish CBA/Ca from BALB/c and are causal for the TLR9 expression and/or altered CpG DNA responsiveness is beyond the current project.
CBA/Ca macrophages are defective in secretion of cytokines and chemokines in response to
S. pneumoniae
Cytokines and chemokines contribute to innate and humoral host responses against S. pneumoniae. Early cytokine release is triggered upon the recognition of S. pneumoniae by TLRs. Mice deficient in TLR2 [10] , TLR9 [7] , or their adaptor molecule MyD88 [8] have been shown to be defective in the secretion of cytokines and chemokines in response to S. pneumoniae. As BMM from CBA/Ca mice were deficient in TLR9 expression when compared with BALB/c, we determined whether they were able to induce and secrete key macrophage proinflammatory mediators in response to S. pneumoniae. As depicted in Figure 2A , CBA/Ca mice were markedly defective in eliciting TNF-␣ and CCL5 when compared with BALB/c. Parallel stimulations of BMM from BALB/c and CBA/Ca mice with LPS revealed that the impaired secretion of CCL5 in BMM from CBA/Ca mice was specific to S. pneumoniae responses (Fig.  2B) . Similarly, although in the presence of LPS, BMM from CBA/Ca induced less TNF-␣ than BALB/c (Fig. 2B) , this difference was not as great as when S. pneumoniae was the stimulus. On the other hand, BMM from BALB/c mice secreted more G-CSF and PDGF than CBA/Ca mice, only in response to LPS (Fig. 2B) . The differential induction and regulation of CCL5, but not of TNF-␣, in response to S. pneumoniae were reflected at the mRNA level (Supplemental Fig. 2) .
Recent reports have highlighted the crucial role of CCL5 in innate and adaptive immunity to pneumococcus [21] . CCL5 not only activates resident mononuclear phagocytes but also induces the recruitment of leukocytes, including CD4-T cells, critical in the host responses against pneumoccoccus [22] . The reduced capacity of CBA/Ca mice to induce this chemokine is likely to be a factor in their elevated susceptibility to infections with this pathogen. The differences we observed in the secretion of TNF-␣ between CBA/Ca and BALB/c mice are consistent with a previous report by Kerr et al. [16] . The airways and lung tissue of BALB/c mice infected with pneumococcus contained higher amounts of TNF-␣ than CBA/Ca mice.
Differences in the production of CCL5 and TNF-␣ in BMM from BALB/c and CBA/Ca were validated further using macrophages obtained directly from the animals. Upon in-vitro stimulation with S. pneumoniae, peritoneal macrophages isolated from CBA/Ca mice secreted significantly lower amounts of CCL5 and TNF-␣ than BALB/c (Supplemental Fig. 3 ). In addition, BALB/c peritoneal macrophages induced higher levels of the chemokine CXCL1 than CBA/Ca (Supplemental Fig. 3 ).
CBA/Ca macrophages are defective in the secretion of cytokines in response to CpG DNA
To determine the contribution of TLR9 in the differences in the production of cytokines and chemokines between BALB/c and CBA/Ca, we challenged BMM with CpG DNA. Figure 3 demonstrates that as in S. pneumoniae responses, BMM from CBA/Ca mice secreted significantly lower amounts of CCL5 and TNF-␣ in the presence of CpG DNA, and CpG DNA treatment also resulted in the induction of higher levels of G-CSF and CXCL1 in BALB/c macrophages (Fig. 3) . Differences in the production of G-CSF and CXCL1 between macrophages from BALB/c and CBA/Ca mice were observed previously in this study in LPS-stimulated BMM (Fig. 2B ) and in peritoneal macrophage responses to S. pneumoniae (Supplemental Fig. 3 ), respectively. Deficiencies in the induction of G-CSF and CXCL1 by CBA/Ca macrophages are in line with the role of these cytokine in the recruitment of neutrophils to the lungs during pneumonia [23, 24] and low numbers of these cells in CBA/Ca mice infected with S. penumoniae [14] .
Defects in the secretion of CCL5, TNF-␣, and CXCL1 in macrophages from CBA/Ca mice detected in S. pneumoniae stimulus were also present in CpG DNA treatments, indicating the contribution of TLR9 in these responses. However, differences in TNF-␣ and G-CSF secretion between BMM from CBA/Ca and BALB/c mice were also observed in LPS treatments, suggesting that as for TLR9Ϫ/Ϫ mice, not all of the deficiency in cytokines can be attributed exclusively to this receptor.
CBA/Ca mice fail to fully activate NF-B, p38, and ERK1/2 MAPK signaling pathways in response to
S. pneumoniae
The induction of proinflammatory cytokines and chemokines downstream-activated TLRs depends on the translocation of NF-B and AP-1 into the nucleus via one or a number of adaptor proteins such as MyD88 and their signaling pathways [25] . BMM from both mouse strains were treated with S. pneumoniae or LPS for 0.5, 1, 3, 6, 12, and 24 h. Both stimuli resulted in the activation of NF-B, p38, JNK, and ERK (Fig. 4, A and B) . As shown in Figure 4A , in response to S. pneumoniae, the levels and extent of NF-B and p38 MAPK activation, prerequisites for the production of TNF-␣ in vitro, were reduced markedly in BMM from CBA/Ca mice. Similarly, phosphorylation of ERK1/2, a signal associated with cell survival, was clearly diminished in BMM from CBA/Ca mice when compared with BALB/c (Fig. 4A) . Conversely, JNK activation was much higher in BMM from CBA/Ca mice (Fig.  4A ). The differences in the activation of NF-B or JNK between BMM from CBA/Ca and BALB/c were specific to the bacterial stimulus (Fig. 4B) . On the other hand, although the level and extent of p38 and ERK1/2 phosphorylation were reduced in BMM from CBA/Ca in response to LPS, differences were not as great as for S. pneumoniae (Fig. 4B) . Densitometric analyses of Western blots are shown in Supplemental Figure 4 .
The signals provoked by the binding and interaction of S. pneumoniae with macrophages as well as the mechanisms by which this pathogen triggers the inflammatory response are largely unknown. In contrast with the report by Santos-Sierra et al. [26] , we have observed that S. pneumoniae potently activates NF-B, p38, JNK, and ERK in BMM. Deficiencies in the level and extent of activation of these molecules in BMM from CBA/Ca mice in the S. pneumoniae stimulus might account for their reduced secretion of TNF-␣ and CCL5 in response to this pathogen.
CBA/Ca macrophages undergo cell death in response to S. pneumoniae
Exposure of macrophages to bacterial products such as LPS and cytokines has been shown to protect them against apoptosis and prolong their function during antimicrobial responses [27] . Activation of PI3K, NF-B, and ERK signaling pathways is known to be responsible for macrophage survival downstream of bacterial antigens [27] . As macrophages from CBA/Ca mice failed to activate some of these pathways in response to S. pneumoniae and LPS, we examined whether their ability to survive was affected. BMM from BALB/c and CBA/Ca mice were treated with different amounts of S. pneumoniae or LPS for 24 h, and cell survival was measured by MTT assay. As depicted in Figure 5A , at a high concentration of S. pneumoniae, BMM from CBA/Ca mice were killed more readily than BALB/c. No differences in survival rates between CBA/Ca and BALB/c macrophages in response to LPS were found. Similarly, in the absence of CSF-1, the survival of BMM from CBA/Ca mice was reduced severely at high concentrations of S. pneumoniae (data not shown).
To assess the basis of the reduced survival of CBA/Ca macrophages, BMM from BALB/c and CBA/Ca mice were stimulated with LPS or S. pneumoniae for 24 h and then stained for cell viability using Annexin V/propidium iodide. After LPS stimulation, BMM from CBA/Ca and BALB/c mice showed similar amounts of Annexin-positive cells compared with control samples (Fig. 5,  B and C) . However, the quantity of propidium iodide-positive cells in both BMM from BALB/c and CBA/Ca mice increased to approximately 50% (Fig. 5C) . In response to S. pneumoniae, the amount of propidium iodide-positive cells in BMM from BALB/c mice was at least half of the numbers observed in CBA/Ca, suggesting that BALB/c macrophages were more resistant to late apoptosis and necrosis in S. pneumoniae infection when compared with CBA/Ca mice.
The MEK-ERK pathway regulates macrophage survival by inducing the transcription of antiapoptotic genes [28] . Consistent with the lack in the activation of this pathway and the low levels of TLR9 in BMM from CBA/Ca in response to pneumococcus, CBA/Ca macrophages undergo more apoptosis and necrosis than BALB/c mice during the stimulation with S. pneumoniae. Apoptosis is required for bacterial killing and the establishment Figure 5 . CBA/Ca macrophages undergo cell death upon challenge with S. pneumoniae. BMM from BALB/c and CBA/Ca mice were treated with 0, 10 5 , or 10 7 CFU/ml EK S. pn or 0, 1, or 10 ng/ml LPS. Cell survival was measured at 24 h by MTT assay (A). Data points correspond to the mean of triplicates, and bars represent the sd. Profiles are representative of at least three independent experiments. Statistically significant difference (*, PϽ0.05) was determined by paired t-test. BMM from BALB/c and CBA/Ca mice were left untreated (B) or challenged with 10 ng/ml LPS (C) or 10
